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ABSTRACT 


This document presents both analytical and experimental results of the 
effects of receiver tracking phase error, caused by weak signal conditions on 
either the uplink or the downlink or both, on the performance of the concatenated 
Reed-Solomon (RS)/Vlterbl channel coding system. The test results were obtained 
under an emulated S-band uplink and X-band downlink, two-way space communication 
channel In the Telecommunication Development Laboratory (TDL) of JPL with data 
rates ranging from A kHz to 20 kUz. It Is shown that, with Ideal Interleaving, 
the concatenated RS/Vlterbl coding system Is capable of yielding large coding 
gains at very low bit error probabilities (-10 over the Vlterbl-decoded con- 
volutlonal-only coding system. The results also show that performance equivalent 
to Ideal. Interleaving In the concatenated RS/Vlterbl coding system is obtained 
with an Interleaving depth greater than or equal to 4. Because of the large 
coding gains the use of concctenated RS/Vlterbl coding scheme in deep-space 
missions will make It possible to perform hlgh-rate data transmission In con- 
junction with two-way ranging or doppler measurements when weak signal conditions 
exist (on both the uplink and the downlink during two-way communication). Sim- 
ilarly for one-way communication under weak downlink conditions, this concatenated 
coding scheme will also provide more data rate protection than the Vlterbl- 
decoded convolutional-only coding system. Finally, analytic results on the effects 
of receiver tracking phase errors on the performance of the concatenated RS/Vlterbi 
channel coding system with antenna array combining are presented. 
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SECTIOH X 


INTRODUCTION 

The concatenated coded system was proposed by Forney (Ref. 1) to achieve 
very low error probabilities. Toward this goal, Odenwalder (Ref. 2) proposed a 
concatenated coding system using the Viterbl-decoded convolutional codes as the 
inner code and the Reed-Solomon (RS) codes as the outer code (see Figure 1) . In 
Ref. 3, Odenwalder, showed by simulation that a 2S5-symbol, 16-error cor- 

recting (E " 16) , RS code with 8-blt per symbol (J ■ 8) concatenated with a con- 
straint length (K) 7, rate (R) 1/2 or 1/3 Viterbi-decoded convolutional code, la 
a cost-effective coding system for achieving very low error probabilities. Rice 
(Refs. 4 to 6) proposed the use of the concatenated RS/Vlterbl coding and image 
data compression for efficient deep-space communication. Both Voyager (at Uranus 
encounter, 1986) and Galileo will utilize this RS/Viterbl channel In combination 
with data compression (Refs. 8 and 3'^. Several near-earth and deep-space flight 
projects such as the International Solar Polar Mission (ISPN) have also considered 
using the concatenated RS/Vlterbl coding scheme. In Ref. 4, Rice also discussed 
the potential advantage of the concatenated RS/Viterbl system over the Vlterbl- 
decoded convolutlonal-only coding system when phase errors exist In the receiver. 

In Ref. 7, Odenwalder showed more simulation results of the concatenated RS/Vlterbl 
coding system performance and the sensitivities of the factors such as phase errors, 
interleaving level, etc., which may affect the concatenated coding system perfor- 
mance. In Ref. 10, the results of an experimental study of the concatenated RS/ 
Vlterbi coding system performance In a two-way space communication channel with 
strong uplink and downlink la presented. 
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The purpose of this docuoent is to present both analyticsl and experi'* 
mental results of the effects of receiver tracking phase error on the performance 
of the concatenated RS/Vlterbl channel coding system. The experimental results 
ate obtained under an emulated two-way deep-space communication channel with S- 
band uplink and X-band downlink in the Telecommunication Development Laboratory 
(TDL) of JPL. TDL equipments are almost identical to the ground station receiv- 
ing equipments of the Deep Space Network (DSN) . It will be shown that the con- 
catenated ElS/Viterbi coding scheme is capable of yielding large coding gains over 
the Viterbl-decoded convolutional-only coding system when weak signal conditions 
exist on either the uplink or the downlink or both. Also shovm is an evaluation 
of the impact of different choices of interleaving depth. 

Recently antenna array combining techniques have been proposed to in- 
crease the slgnal-to-nolse ratio for future space flight missions (Ref. 11). The 
ast part of this document will present some analytical results on the effects of 
tracking phase errors in the re. .divers on the RS/Viterbl coding system performance 
under the conditions of array combining. 
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SECTION II 

THE EFFECTS OF RECEIVER TRACKING PHASE ERROR ON THE PERFORMANCE 
OF THE CONCATENATED RS/VITERBI CODING SYSTEM 


2.1 ANALYTICAL RESULTS 

A block diagram of Che ground receiving syscem, wlch carrier and aub-* 
carrier demodulators, symbol synchronizer, Vlterbl decoder, and Reed->Soldmon 
decoder, such as the Deep Space Network (DSN) ground receiving system Is shown 
in Fig. 2. The carrier tracking loop and data demodulation can be modeled 
as shown In Fig. 3 (Refs. 12, 13, and 14). The received IF signal r(t) (point 
(D in Fig. 3) Is given by 


r(t) - /2P_ cos {w t + 0 d(t)5ln lM-.t + 3..(t>j) 

X C m Bw Bv 



- /2P^ Sili IWjpt + 0^(0) f d(t)5in [«_t + e_(£)l 


sc sc 


X cos [Ujpt + 0g(t)l + n(t) 


where 


P^ “ Pj cos 0JJJ • carrier power 


P^ “ total transmitter power 


0 “ modulation Index 

m 


Pn " Pq. sin 0 ■■ data power 
u X m . 


u)^p - IF carrier angular frequency 


0 (t) “ phase uncertainty In carrier reference 
c . 


d(t) - BPSK data, -fl or -1 

5ln(u»_t) ■ square wave subcarrier with polarity of 8ln(a>^^C} • il 


sc 


0 (t) - phase uncertainty In subcarrier reference 

80 



( 1 ) 


n(t) ■ white Gaussian noise process %rith single-sided spectral density 
Nq watts/Hs • 
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The received IF signal Is mixed with the square wave subcarrier 

Bin lo) t + e (t)l where 0 (t) Is the SDA estimated subcarrier phase, and 

sc sc sc 

then filtered by the predemodulatlon filter F(s) to give the signal (point ® 

In Fig. 3) as 

F {/iT sin [ujpt + 0^(t)l 5 In («gj.t + ♦ 

d(t) 5 in [Ug^t + eggCt)) 5 In + 0gg(t)l 

cos [ujpt + 6^(t)]} ♦ n^(t) (2) 

where nj^(t) Is a white Gaussian noise process with one-sided spectral density 
of Nq watts/Hz. The first term of Equation (2) Is filtered out by F(a), 
therefore the filtered signal la 

d(t) Bin Iwg^t + Bin Iw^^t + ?gg(t)J » 

cos l«jpt + 0^(t)J) + nj^(t) (3) 

The filtered signal at @ is then mixed %rith the IF reference signal 



/2 cos t«jpt + t^(t)l 

where 0 (t) Is the carrier tracking loop estimated carrier phase. The resulting 
• c 

signal S(t) (point in Fig. 3) Is given by 

S(t) - d(t) {Bln [w^j.t + Bln (w^t + * 


cos [e^(t) - ^g(t)] + njCt) (^) 




since 


5 ii. 5 1« iv' + - I - (?) 

by (^)* one has the equation 

S(t) - - (^) kgCOlJ cos ♦^(t) + n 2 <t) (5) 

where 

^-(t) " 6 (t) - 6 (t) • phase error In the subcarrier tracking loop 

8 8C 6C 

^ (t) ~ 6 (t) - 6 (t) - phase error in the carrier tracking loop 
c c c 

02 (t) “ a white Gaussian noise process with one-sided spectral density 
of watts/Hz • 


The signal S(t) from the SDA is correlated %rlth the estimated BPSK 

data d[t - (1-1) T - e], where T is the symbol interval and e is the symbol 

8 8 

timing error, and integrated over the symbol time. The result of the integra- 
tion is dumped to the A/D converter every symbol time to provide a 3-bit soft 
decision data to the Vlterbl decoder. The integrate-and-dump circuit output 
(point (D in Fig. 3) is given by 


ITs+c 

!•(«.)- f f 

® ^(i-l)T 


(i-l)Tg+t 


I d(t) d [t - (i-1) Tg-el K 

ll-(^) |♦g(t)|) X cos ♦^(t)|dt 
+ K njdT^) 
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Figure 3. Carrier Tracking Loop and Data Denodulatlon Model 









wher* 


1 “ ith symbol interval 
K ■ lntegrate**and-dump circuit gain 
n^(iT^) ■ a aero mean Gaussian random variable with 


variance and n^(lT^) is Independent 

8 

of n^CjTg) for 1 ^ j . 

If the gain K of the integrate-and*^ump circuit is set to equal l/i^ N«/2T then 

u s 

(6) becones 


s’dxp 


, IT +E 

f 


(l-l)Tg+e 


|d(t) d[t - (1-1) - cj X 

[1 “ (f) Ug(t)J * cos dt 




where 


n^(iT^) * a zero mean unit variance Gaussian random variable 
Es ■ PjjTg - energy per symbol. 


If the carrier and the subcarrier tracking loop bandwldths ire much 
smaller than the symbol rate, then the tenu 


- (I) 
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and cos ^^(t) In (7) can be considered as constants over the symbol Interval. 
In this case (7) can be expressed as: 


V 




cos ♦g(lX^) * 


IT.-fe 


j- j d(t) d Ft - (i-DT^-cl dt + n^(llg) 

® J(1-1)T +e 

8 


If the bandwidth of the symbol synchronizer Is much smaller than the symbol 
rate, then the symbol reference error e can be considered Pi a constant over 
the symbol interval. In this case 


IT +e 

t / 

^ f J! « V M 




(i-l)Tg-e dt 


2|e(lT^)| 


(l-l)Tg+€ 


- 1 - 2|X(lTg)l 


e(lT^) 


«rhere X ^ ■ normalized symbol reference error. 


Thus by (9), Eq. (8) becomes 


(«.) [i-(D U.avl]'™ Ihit,)|] + .^(it.) 


>1 
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Fiob (10) one. can see that the signal component of the matched filter output - 
Is degraded by the factor 


[' - (I) I♦(1I,)|] coa (IT,) [l - 2X(it,)] 


Suppose the bit error probability, P^, of the Viterbi decoder under 
perfect carrier, subcarrier, and symbol tracking loops is given by 

'e ■ '<W 

where - Pj^T/Nq ■ SNR measured at receiver 50 MHz IP. Now, if and 

A are constants over all Viterbi decoder errors then by (10) and (11) the con- 
ditional bit error probability fur constant ^ ^ and X under a perfect A/D 

converter is given by 






The bit error probability of the high-rate model is thus given by 


• 1/2 ^ v /2 


/ I ♦c 

1/2 J-tllJ-it 


. P(^s» ♦c* ‘^♦c 


where p(^ , ^ , X) is the Joint probability of ^ ^ and X. For small 

8 C 8 C 

carrier tracking phase error, ^ ^ , and X can be 'considered as statistically 

C 8 

independent random variables. Thus p(^^, X) in (13) can be expressed as 


P^*c» *s» 



By the above equation (13) beconea 


P 


e 



pM <*♦ d* dl 

6 C S C 8 C 8 


( 14 ) 


where p(4.)» p(4_)i and pCX) are the probability densitiea of phase errors in the 
carrier, subcarrier and symbol tracking loops, respectively. 

In a two-way transmission with a strong uplink, the contribution 
made by the phase error in the carrier tracking loop In the spacecraft to the 
two-way phase error can be neglected. Hence the probability density of the two- 
way phase error can be approximated by the probability density of the one-way 
phase error In the carrier tracking loop of the ground receiver aa (Ref. 12] 

exp(p cos*) 

■ 2;i Gi — * l*cl i 

o 

In (IS), p is the carrier tracking loop SHR given by 

P 

" ' "o » >■ 

'diere ^ 

« carrier power 

“ one-sided noise spectral density in the ground receiver 
• one-sided carrier loop bandwidth in the ground receiver 
r “ bandpass limiter suppression factor in the ground phase-locked 
receiver (Ref. 15). 
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( 16 ) 


The phase error variance 9 ^ Is given by 



In a two-way transmission with a weak uplink, the contribution made 
b;* the phase error In the carrier tracking loop In the spacecraft to the t%n>- 
way phase error cannot be neglected. Hence the probability density of the two- 
way phase error should be given by (Ref. 15) 


+ <‘1 * ^“1 "2 


P(^C> " 




sUgl - 


(17) 


where 


P 


cn 


N B, r 
on Ln n 


“ carrier loop SNR In the spacecraft receiver (n • 1) 
and the ground receiver (n ■ 2) . 


■ carrier power (•\ ■ 1,2) 

N “ one-sided noise spectral density (n * 1,2) 
on 

“ one-sided carrier loop bandwidth (n ■ 1,2) 

" bandpass limiter suppression factor (n *1,2) 

G ■ static phase gain of the spacecraft transponder • 880/221 for 
S-band uplink and X-band downlink 

■ loop parameter function (Ref. 15, p. 94) 
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The two-way pliaae error variance a . la given by (Ref. 15) 

♦c 


.-Lx-L. . 2 

O . " ▼ ““ “ +0. 

♦c “l “2 *1 *2 


( 18 ) 


where 

2 1 

o . ■ — “ transponder turn-aroxind phase noise 

A parameter, which la related to the carrier loop SNR at threshoM loop bandwidth, 
is called the carrier margin This parameter is defined as 


. P 
^ cn 


‘cn 2B- N 

L n on 
o 


n>l,2 


(19) 


where 


B, • one-sided carrier threshold loop bandwidth. 


The probability density function of the SDA phase error 4 1 a (1A) is 

s 


given by (Ref. 15) 


exp (p cos 24 _) , 

P^*S^ “ IT I (p ) •’ ^2 

o s 


where 


p^ • SDA loop SNR. 
8 


The probability density of the normalized SSA phase error X in (14) is given 
by (Ref . 13) 

exp t(co8 2irX)/(2iro.)*J . 

p(X) 5—^ ; |X| S 1/2 

(d/2tr0j^)^l 


2-11 






where 


2 

0 ^ - SSA normalized phase error variance. 

From (13) and (14) « one can see Chat the systea loss suffered In the 
demodulation of downlink data, which Is determined by the extra required 

to achieve the same bit error rate, will be comprised of: 

(1) Losses due to imperfect carrier synchronization (the radio loss). 

(2) Losses due to imperfect subcarrier synchronization (subcarrier 

synchronization loss). ‘ 

(3) Losses due to imperfect bit timing (bit synchronization loss). 

The residual carrier usually has much less power than the data power (e.g., the 
residual carrier Is 15 dB below the total power of Che transmitted signal for a 
residual Index of 80"). And, since the subcarrier frequency and the data rate 
are both much less than the carrier frequency, the carrier loop baddwidth is 
normally much wider than those of the subcarrier and bit synch loops, due to 
dynamic considerations. As a consequence, radio loss due to carrier Jitter is 
the dominant factor in the total system loss. Hence we will use radio loss to 
approximate the system loss. Letting ^ ■ 1 ■ 0 In (12) and using (14), 'one has 

9 




( 20 ) 


where p(^^) Is the probability density of the receiver phase tracking error. 

The versus curves for different loop SNR's In a one-way communication 

and for different uplink carrier margins with a fixed downlink carrier loop SMR 
of 13.5 dB in a two-way communication are shown In Figs. 4 and 5, respectively 
for a K 7, R ■ 1/2 Vlterbl-coded convolutional coda. 
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^ An error burst on the Vlterbi decoder output Is defined es a sequence of 

decoded bits that begins with a bit In error* ends with . bit In error* and has 

fewer than K-1 correct bits within the burst. The measureoent results (Ref. 18) 

showed that the average error burst length and the probability of bit error within 

a burst of a K*7 Vlterbi decoder did not vary too nuch over a wide range of BER's 
-3 -7 

from 10 to 10 . Therefore* it Is reasonable to assume that the average number 

of bit errors in an RS symbol error is a const«st. 

Using the above assumption* the bit error probability (BEP) at the 
RS decoder output can be expressed as: 




^SI 


( 21 ) 


where P-^ and P_^ are the symbol error probabilities (SEP) at the RS decoder 
sx so 

input and output, respectively. Let the symbol error probability of the Vlterbi 
decoder for an ideal receiver be given by g(Ej^/N^) . Then the symbol error 
probability for a constant carrier phase error can be expressed as 


Thus* the symbol error probability for a non-ideal receiver can be obtained as 
(Ref. 7). 

'’si • / « ''♦c <«> 

Let E be the number of symbols an RS code is able to correct. Then 
for a perfectly interleaved system P^^ is equal to 
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( 23 ) 



where (2*^-1) le the number of symbols in an RS codeword. By (22) and (23), the 
bit error probability of the concatenated system given In (21) Is equal to 



(24) 


For a perfectly interleaved system the RS word error probability (HEP) Pv is 
given by (Ref. 3). 


P 

w 





<1 ’ ^SI> 


J 

2 - 1-1 


(25) 


Thus once the bit and symbol error probabilities of the Viterbl decoder 
output are obtained, the bit, symbol, and word error probabllitlea of the con- 
catenated system can then be determined by computing (23), (24), and (25). 

The one-way and two-way radio loss curves as a function of carrier Jitter and 
Viterbl decoder input bit slgnal-to-noise ratio for a concatenated J ■ 8, 

E « 16 perfectly interleaved RS code and a K ■ 7, R <■ 1/2 Viterbi-decoded con- 
volutional code are shown in Figures 6 and 7, respectively. The Viterbl decoder 
output symbol error probability g(Ej^/N^) used in obtaining the one-way and two- 
way radio loss curves, is taken from the simulation data. 
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RS BIT ERROR PROBABILITY (ONE-WAY RADIO LOSS) 
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).076\0.094 \ 0.115 


VITERBI ^/Nq(4B) 


Figure 7. Concatenated Code Performance with Two-Way Radio Losses* Given as 
a Function of Transponder Turn-Around Phase Noise (Radian^) with 
Down-Link Loop SNR - 13.5 dB (l.e., - 0.045 radian^} for 

Perfect Interleaving. ^2 





The performance obtained using Che above assumptions of a perfect 
interleaving and a constant bit error per RS input error symbol is useful for . 
system tradeoffs study, however, for actual system design one has to rely on 
the experimental method to obtain realistic syston performance for various 
Interleaving depths. ' ^ ^ ^ ^ ^ ^ ^ 

This section describes the objectives of such an experiment, its setup, 
and the results obtained. This experiment has been performed utilizing the 
TDL facilities. 

2.2 TEST OBJECTIVES 

The test objectives of this experiment are: 

(1) To determine the bit and word error probabilities of the Vlterbi- 
decoded convolutional-only coding system and the RS/Vlterbl cod- 
ing system under an emulated two-way transmission with weak 
carrier power on either the uplink or the downlink or both. 

(2) To compare the coding gains of the RS/Vlterbl coding system 
with the Vlterbi-decoded convolutional-only coding system* 

(3) To test the sensitivities of the factors which affect the 
RS/Viterbl coding system performance such as the interleaving 
depth, convolutional code synchronization, etc. 

2.3 TEST PARAMETERS AND ENVIRCNHENT 

Test parameters and environment are as follows: 

(1) Test data rates > 4 to 20 kbits/second. 

(2) A K • 7, rate (R) « 1/2 Vlterbi-decoded convolutional code la 
concatenated with a J ■ 8, E ■ 16 RS code, where J la the 
number of bits in each RS symbol and E is the maximum number of 
correctable RS aymbola. 
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(3) Interleaving level <I) - 1, 2, 4, 8, and 16. 

(4) S-band uplink and X-band dounlink two-way transoiiasion through a 
transponder. One-way transmission is emulated by a. two-way 
transmission with a strong uplink. 

(5) Transponder: NVM second-order phase-locked loop with 18 Hs 

threshold loop bandiddth 

(6) Receiver (carrier tracking loop): BLOCK IV second-order phase- 

locked loop with 10 Hz threshold loop bandwidth 

(7) SDA (subcarrier tracking loop): BLOCK III second-order Costas 

loop with 0.37S Hz threshold loop bandwidth (2Bj^). 

(8) SSA (symbol tracking loop): second-order digital data transition 

tracking loop with 0.005 nominal relative loop noise bandwidth 

(2Bj^T). 

(9) Telemetry subcarrier freqt»ncy: 370 kHz. 

(10) Modulation index varies from 80 to 85*. 

(11) Noise bandwidth used in measuring the receiver input SNR: 

11410. 023U Hz. 

(12) Test record size: 32640 bits (- 16 RS words). 

(13) Test duration: ^ 10^ bits. 

2.4 TEST SET-UP 

The tlow diagram of the test setup is shown in Fig. 8. It Is used to 
emulate the concatenated RS/Vlterbl coding system as «;ell as the Viterbi 
decoded convolutional coding aystcm. 

2.4.1 Vlterbl-Decoded Convolutional Coding System 

The test source data are generated by a 2047-bit PN sequence generator 
and then encoded by a K * 7, R ■ 1/2 convolutional coder. The encoded data are 
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modulated onto the subcarrier first and then onto X-band carrier. The carrier 
reference Is derived from an S-band uplink signal. The resulting X-band doimllnk 
RF signal Is attenuated to emulate the space transmission loss and then received 
by the carrier tracking loop of the ground receiver. 

The input Is measured at the receiver 50 MHr IF. The receiver 

output signal is subcarrier-demodulated, symbol-synchronized, and Vlterbl- 
decoded to reconstruct the Input PN source data. The reconstructed data are 
then compared with the delayed PN data to generate a string of bit error pat- 
terns. This bit string Is divided Into 32640-blt (16 RS words) blocks and 
recorded on a 9-track 800 bpl tape. This string of bit error pattern essentially 
characterizes the Viterbl decoded convolutional coding channel. ■ 

2.4.2 RS/Vlterbl Concatenated Coding System 

The concatenated RS/Viterbl coding system is formed by concatenating 
an outer RS code of Interleaving depth I with a Vlterbl-decoded inner convolu- 
tional code.. The tect source data are encoded by a software RS coder with J • 8 
and E - 16. A set of various interleaving depths (i.e., I 2, 4, 8 and 16) are 
used. Each set of RS coded data are then EXCLUSIVE-OR added with the bit string 
stored in the error pattern tape. The resulting data simulates the input to a 
ground receiving station. This set of data are then de-interleaved and decoded 
by a softtrare RS decoder. A comparison is subsequently made between the test 
source and the decoded data to determine the bit, the symbol, and the word error 
probabilities of the concatenated coding system. An RS codetrord error Is 
declared If more than 16 symbol errors occurred In an RS codeword. 
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The interleaving scheme used for the RS code is the type B interleaving 
as described in Ref. 4. This interleaving scheme is Illustrated by an I-level 
interleaved RS code array as follovst 


Information Symbols Check Symbols 


Codeword No. 1 



P?‘,pJ, 


1* I+l* 

* 2221-fl* 

1* 2* 


Codeword No. 2 



pj,p*» 


2* l+V 

...» 222I‘f2* 

1* 2* 

****** 32 


Codeword No. I ®223I» ^l»^r *^32 

Each RS code array consists of I RS codewords. The order of symbol transmission 
is as follows: 


S^^f S2« . . 


;i22I+l»®222I+2' 


*2231' 


pi pi pi pi pi 


The de- interleaving process is the reverse of the interleaving process. 
The transmitted symbol sequence is reassembled during the de-lnterleaving process 
into an RS code array, and decoding is performed on each RS codeword in the 
array. The advantage of this Interleaving scheme is that data symbols are crans> 
mltted In their natural order. Hence, the data received by the receiver can be 
used for real time analysis without any preprocessing. Another advantage of 
this Interleaving scheme is the elimination of memory needed to buffer informa- 
tion symbols at the encoder. 
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Figure 8. Test SeC>Up 



2.5 TEST RESULTS 


Perforaance tests were made in the TDL facilities to determine the 
performance of the Vlterbi-decoded convolutional-only coding system and the RS/ 
Vlterbl coding system under an emulated S-band uplink and X-band downlink condi- 
tion. A LINKABIT LV703S Vlterbl decoder is concatenated trlth a software J 8» 

E 16, RS decoder. The interleaving scheme used for the RS code Is the type 
B interleaving discussed In Section 2.4. The test data rate is from 4 kHs to 
20 kHz. The uplink carrier margin and downlink carrier loop SMR p 2 ere 
carefully calibrated by varying the modulation index, the data rate, and the 
transmitting and receiving power. The one-way transmission is emulated by a 
two-way transmission with a strong uplink (uplink carrier margin ■ 75 dB)., 

The receiving system used in the tests is almost identical to the 
one used in a DSN ground station. The receiver carrier loop SNR versus down- 
link carrier margin for this particular receiving system is shown in Table 1. 

The variance of the two-way phase error for different uplink and downlink carrier 
margins, ~ 1*2), of the particular transmitting and receiving system used 

in the tests are shown in Table 2. Test results for one-way and two-tray radio 
loss are plotted in Figs. 9 to 14 as a function of carrier Jitter and bit signal- 
to-nolse ratio. An overhead of 0.6 dB is added to the ^/Ug required by the RS/ 
Vlterbl coding system to account for the 12.54 percent redundancy in the RS check 
symbols. The test results are close to the analytical prediction to within 0.5 dB 
for the Ideal Interleaving case.' . ^ ' 


m. 

Table 1. Block IV X-Band Receiver Carrier Loop 
Downlink Carrier Margin 

SNR Versus 


Downlink Carrier Margin 
P 

Loop Bandwidth 

Carrier Loop SNR 


F2b“ 

\ (Hz) 

0 - <«> 


12.0 

14.6956 

9.8284 


12.5 

15.4349 

10.1143 


13 

16.2122 

10.3999 ' 


13.5 

17.0285 

10.6854 


14 

17.8849 

10.9711 


14.5 

18.7823 

11.2571 


15 

19.7215 

11.5438 


15.5 

20.7031 

11.8313 


16 

21.7273 

12.1199 


16.5 

22.7939 

12.4100 


17 

23.9025 

12.7019 


17.5 

25.0522 

12.9960 

% 

18 

26.2414 

13.2926 


18.5 

27.4682 

13.5921 


19 

28.7296 

13.8951 


19.5 

30.0223 

14.2021 


20 

31.3417 

14.5136 


20.5 

32.6828 

14.8302 


21 

34.0395 

15.1525 

i 

21.5 

35.4046 

15.4813 


22 

36.7703 

15.8172 


22.5 

38.?279 

16.1609 


23 

39.4680 

16.5133 


23.5 

40.7808 

16.8751 


24 

42.0563 

17.2471 


2-2S 

2)5 



S-Band Uplink and X-Band Downlink 


Uplink 
Can ler 
Loop SNR 
Pj (dB) 

Downlink 

Carrier 

Margli. 

(dB) 

*"2 

Domllnk 
Carrier 
Loop SNR 
Pj (dB) 

Two-Way 

Phase 

Error 

'T 

20.1868 

18.5 

13.5 

0.159 

21.0989 

18.5 

13.5 

0.138 

22.0492 

18.5 

13.5 

0.12 

23.0255 

18.5 

13.5 

0.105 

24.0149 

18.5 

13.5 

0.092 

25.0082 

18.5 

13.5 

0.082 

26.0021 

18.5 

13.5 

0.075 


From the measured two-way Viterbi decoder radio loss curves, one can 



k'J 


see that the measured curves diverge from the theoretical t%n>-way hlgh-rate radio 

loss curves around “ H<S dB. This Is because data rate becomes so low 

(52.5 kHz) that the hlgh-rate radio loss model Is no longer applicable. From 

' • 

Figures 9 to 14, one can see that the concatenated RS/Viterbl coding system with an 


Ideal interleaving has coding gains ranging from 3 to 13 dB, at very low urror 
.-6 



probabilities (ilO ), over the Vlterbl-decoded convolutlonal-only coding system. 
Also shown is that an Ideal interleaving in the concatenated RS/Vlterbl coding 
system Is one with depth greater than or equal to 4. 

One Important aspect of the concatenated RS/Viterbl code performance Is 
the node synchronization problem in the Viterbi decoder. If the on the 

Vlterbl decoder is too low, them the Viterbi decoder may lose Its node synchroni- 
zation. The node resynchronization process may take a large number of bit periods. 
Consequently, large interleaving levels are required to spread out the long bursts 
generated by this resynchronlzatlon process. Hence to avoid using large inter- 
leaving levels in the concatenated RS/Vicerbi system, the Viterbi decoder should 
be operated above the resynchronlzatlon threshold. In the test, the node synchro- 
nization of the Viterbi decoder Is monitored. It is noted that the Viterbi decoder 
is operated under perfect node synchronization. Therefore, an interleaving level 
of 4 Is very close to an ideal interleaving. 


In space communications, the science data and compressed Imaging data 



usually require very low bit probabilities (^10 ) in transmission (Refs. 4 and 10), 

Now if the Vlterbl-decoded convolutional-only coding system is used In the space 
flight missions, then it is impossible to perform hlgh-rate data transmission when 
weak signal conditions exist on both the uplink and the downlink. One has to 
perform one-way data transmission and two-way ranging or doppler measurements 
separately in time. Since the RS/Viterbl coding system has large coding gains 
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over the Vlterbi-decoded convolutlonal-only coding systea in t%ra-way conmunlcatlon, 
one can alleviate the above problem by using the RS/Viterbi coding system In space 
flight missions. In one-way communication, because the RS/Viterbi coding system 
also has large coding gains over the Viterbl-decoded convolutional-only coding 
system, using the former coding scheme will provide more data rate protection than 
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1 ^ 


£♦1 
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CODE PERFORMANCE 

A INTERLEAVING LEVEL = 1 
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Figure 10. One-Way RS/Vlterbl Concatenated Code Performance 
{(>2 * T2 dB, o| ■ 0.043 radlanR) . 
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Figure 11. One-Way RS/Viterbi Concatenated Code Perforaance 
(p^ ■ 11 dB» p| ■ 0.079 radian^). 
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Figure 12. HS/Vlterbl Concatenat|^ Code Perfoiaance (M . • 31 dB, p. - 13.5 dB, 
o? “ 0.06 redlan2, oj • *0.045 radlan2). ® 
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Figure 13. RS/Viterbi Concatenated Code Performance M , ■ 30 dB, " 13.5 dB, 
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Figure 14. RS/Vlterbl Concatenated Code Perfomance ^2 " T3.5 dB 

“ 0.094 radlan2, ■ 0.045 radian^) 


SECTION III 

EFFECTS OF RECEIVER TRACKING PHASE ERRORS ON THE CONCATENATED 
RS/VITERBI CHANNEL CODING SYSTEM WITH ARRAY COMBINING 

3.1 PERFORMANCE ANALYSIS 

A slnpllfied functional block diagram of an antenna array combining sys- 
tem is shovm in Fig. 15. The baseband signal from each receiver in the array is 
a squarewave subcarrier modulated by the telemetry data. These baseband signals 
are delay-adjusted by each individual tracking loops and weight-summed in the 
Baseband Combiner (Refs. 16 and 17). The combiner output is fed into the Sub- 
carrier Demodulator Assembly (SDA). The output of the SDA is input to the Symbol 
Synchronizer Assembly (SSA) and then decoded by the Viterbi and Reed-Solomon de- 
coder. The IF signal r^(t) from receiver number i (1 i i i n), where n is the 
total number of receivers in the array, can be expressed as 


where 


rj^(t) - /2P^ sin + eg(t)J + *^^P^ d(t) 


S in ^«g^t + eg^(t)] cos jwjyt + e^(t)J + n^(t) 


P “ carrier power in receiver 1. 


P • data power in receiver 1. 


• IF carrier angular frequency. 


e.(t) ■ phase unceitalnty in carrier reference. 


d(t) ■ BPSK data, <fl or -1. 
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5 In(b)^^t) " square vave subcarrier with the polarity of sln(Ug^t) ■ ±1. 

” phase uncertainty in subcarrier reference. 
n^(t) ■ white Gaussian noise process with single-sided spectral 
density In Vatts/Hs. 

The signal r^(t) Is mixed with the signal vT cos ju^pt + (t)J where (c) 

Is the carrier tracking loop estimated carrier phase In receiver 1, and filtered 
to give the baseband signal r^'(t) as 

Cl’(t) - d(t) 5 In 


where 


(c) “ - t (t) - phase error In the carrier tracking loop of 

1 ®1 

receiver 1. 

n^(t) ■> a white Gaussian noise process with one-sided spectral 
density of watts/Rs. 

Let the weighting factor for baseband signal r^*(t) be Then 

the signal combiner output S(t) can be expressed as 


g 


n 

52 “l d(t - t^^) 5 1. L + SjgCt - tp - 


X cos ♦g (t - j ♦ n(t) 
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Figure 15. A Slnpllfied Functional Flock Dlagraa of An Antenna Array Combining System 






where 


“ delay error In delay cracking loop 1 relative to the signal 
from receiver 1, tdiere tj ■ 0. 

n(c) ■ a white Gaussian noise process %rlth one-sided spectral density 

n 2 

of £ a. N . watts/Hs. 

1-1 * 


The signal s(t) given In (2) Is mixed with the subcarrier signal 


5 1 . 


In the SDA, where estimated subcarrier phase, and the result is 

correlated with the estimated BPSK data d[t - (j - 1) T - e] In the SSA, where 

0 

T is the symbol interval and e is Che symbol timing error. The result of this 
0 

correlation Is Integrated over the symbol time and dumped to the A/D converter at 
the end of each symbol time to provide an 3-bit soft decision data to the Vlterbl 
decoder. The output of the Vlterbl decoder is then fed into Che Reed-Solomon 
decoder. The lntegrate-€utd-dump circuit output ^In the SSA is given by 


S’(JTs) - ^ 
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“ "sc^i] 


* ^ ^ [“sc‘ * " v] ■••’i’ 

dt 4 K Uj(JTs) 


d ^t - (j - 1) Ts - ej 


3-A 






f 




t {E v|] 


(J-l)T,+e 


j^coa (t - T^)J d [t - “ (J “ l)Tg - cj dt I + Knj^(Jl^) 


where 


♦sc‘'> ■ ®sc'' ■ ■ "sc*l * ®sc<*> ' 

j ■ synbol tlM. 

K “ integrate-and-dump circuit gain. 
n^(jTg) ■ a zero-mean Gaussian random variable with variance 
Z ** “l^lTg) for j ^ 1. 

If the carrier » subcarrier, combiner delay, and symbol tracking loop 
bandwldths are much smaller than the symbol rate and If K Is set to equal 


iZ-y ^ S’(JTs) become; 


I a m • ' ■* . 


[l - 2 |x(jl3, t^)|] l + njCjT,) 



where 

E. • Pq T • energy per blc (Joulee/blt) 

11 

T - bit period 

X(jTg, - jc(jy - 

1^2 (^^s> “ ^ zero mean unit variance Gaussian random variable. 

From (28), one can see that the slgnal-to-nolse ratio at the matched filter 
output at the symbol time Is given by 


"oi ["• ’u>|] 


[l- 2 UOT,, Ty)|] 


For perfect delay, subcarrier, and symbol tracking loops, * 0 for 
■,n, and ♦gj.CjTg) - X(JTg) - 0. Thus (29) becows 


^ “1 **ol 


Mow suppose the bit error probability, of the Vlterbl decoder, under perfect 
carrier tracking loops In the array. Is given by 


\ - «W 


where E. /N is the signal-to-nolee ratio at the input of the Viterbi decoder. If 

D O 

^ for i-lt2,- — ,n are constant over all Viterbi decoder errors, then by (30) and 
*^i 

(31), the conditional bit error probability for constant ^ (1*1,..., n) is given by 




Ta / n 

) 

**e ^C2 ^ 


^\A>/ ]C “i "oi 

im^ ^ * 4m^ ^ 


V w 



/ 


The bit error probability is then given by 



(33) 

where p(^ , ^ , ^ ) is the Joint probability density of ^ ^ • 

Since ♦ , ♦ , , ♦ are statistically independent, p(* , ^ , * ) 

*"1 *"2 ‘'n ‘'l ®2 S 

in (33) can be expressed aa 



(34) 


By (34), (33) becomes 




(35) 

where p(4 ) is the probability density of the carrier phase error in receiver 1. 

1 

p(4 ) is of the same form as shown in (IS) and (17) for one-way and two-way 
1 

transmission, respectively. 



necsm 


• r 
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The weighting factor in (32) are selected to maxloize the output 
signal-to-noiae ratio of the array coDbining system. It was shown (Ref. 17) that 
the output signal-to-noise ratio of the array combining system given by 


is maximized when 


(§- 4 


u 


Oj-l 


Pjj /H . 

1 . for 1-2, 3,..., n 


Dj ol 


Under these conditions, becomes 


V' _ 
N Z-. N 




o oi • pi 


idiere 




is the Improved slgnal**to->nol8e ratio. 




T 


EollOWSt 


By (32), P In (35) can be expressed ss a function of 

A 


ir tp / ® 


where 




cos I « 






If identical antennas and receivers are used In the array, then o • ' ■ 

^ l"l,2,...,n. In this case (37) becoaes 

/ r r 1 

/ w ^ 1 F n n I 

n *'-’f ( ° J J 


Since a Costas loop has a 15 to 30 dB tracking loop SNR advantage 
over a phase-locked loop, it may be beneficial in some cases to use Costas loop 
receivers to minimize the effects of receiver phase errors. In an an*ay combin- 
ing system with Costas loop receivers, the combining is done at the IF level. 

The output of the combiner S(t) can be expressed as 


3-9 


- 52 “l V V ■ “if’i] I 


+ n(t) 


where 


0 (t) - the Costas loop estimated carrier phase In receiver 1. 

®1 


The signal is mixed with ^ cos ^Wjpt + giv® 


i'(t) - ^ «1 d(t-T^) cos ^«jpt + ♦ (t. T^)] I 

i-1 ^ ' 


+ n(t) 


where 




A comparison between (27) and (40) shows that if • 0 for l*lt2»...tn» then these' 
two equations are Identical except for the subcarrier term. Thus, assuming 
a perfect symbol synchronizer, one will get an equation similar to the one given 
in (37), l.e.. 


■/’- 


W2 



If Identical antenna and receivers are uaed, then <■ Pt 

and N . * N , and 0. ■ 1/n. Thua (43) becomes 

Ox O X 

/ ir/2 -ir/2 I T n ‘ J n 

~J n VS 

1./2 •'-./2 ( ° “ (. i :? *J ) i -1 ‘ ^ * « 


Thus by (37) and (41), one can express the bit error probability, P^» on the 

Viterbi decoder output as a function of the slgnal-to-nolse ratio of the array 

combining system for baseband and IF combining, respectively. 

Let the symbol error probability of the Viter bl decoder for an Ideal 

receiver be given by g(E|^/N^). Then the symbol error probability for constant 

carrier phase errors ^ , where l«l,2,...,n. Is given by 

*^1 



Thus by the same procedure discussed in Section II, one can obtain the theoreti- 
cal performance of the concatenated RS/Viterbl coding system for array combining. 
The bit error rate versus curves for the Viterbi channel and the RS/Vlterbl 

channel In a one-way coomunlcatlon with Identical antennas and receivers In the 
array coiablning system are shown In Figs. 16 and 17 for carrier tracking loop 
SNR of 11 and 12 dB, respectively. 






i 

From these curves one can see the following facts: 

(1) A coded array combining system Is less sensitive to downlink 

carrier phase tracVlng error than a coded single antenna system. 


(2) In an array combining system the concatenated RS/Vlterbl coded 

channel still has significant coding gains over a Viterbl-decoded 
channel at v.try low error probability (^lO"^) for a weak 
do«mllnk. 

The same conclusions can also be made for the case of two-way connunlcatlon with 
a weak uplink and weak downlink. Thus based on both the analytical and the test 
results given In Sections II and III for the single antenna and the array combin- 
ing system, respectively, one can see that the concatenated RS/Vlterbl channel 
is a very effective scheme for providing reliable communication under weak link 
ccmdltlons. 
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Figure 16. Coded Array Combining System Performance (Carrier Loop SNR ■ 11 dB) 
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IV. CONa.USIONS 

Both analytical and experimental measurements of the effects of receiver 
tracking phase error on the performance of the concatenated RS/Viterbl channel 
coding system have been presented in this document. These measurements were 
obtained under an emulated S-Band uplink and X~Band downlink* two-way space com- 
munication channel. It Is shown that the RS/Vlterbl coding scheme has large coding 
gains over the Vlterbl-decoded convolutlonal-only coding system when operated 
in a weak uplink or a weak downlink* or both* RF environment. It is also shown 
that if the Viterbl decoder maintains Its node synchronization* then performance 
equivalent to ideal Interleaving Is obtained with an interleaving depth greater 
than or equal to 4. 

It Is further shown that because of the large coding gains of the RS/ 
Viterbl coding scheme* using this coding system will permit the transmission of 
j^lgh-rate data In conjunction with two-way ranging or doppler measuronents when 
! operated in the weak uplink and weak downlink conditions in a two-way space com- 

j ■ 

j munlcation. The RS/Vlterbi coding scheme also offers more data rate protection 

than the Vlterbl-decoded convolutlonal-only coding system In one-way conmninlcation. 

Finally* the effect of receiver phase errors on the performance of the 
concatenated RS/Vlterbl coding system with array combining Is discussed. It Is 
shown that in an array combining system the concatenated RS/Vlterbl coded channel 
still has significant coding gains over a Vlterbl-decoded channel. Thus the 
concatenated RS/Vlterbl coded channel Is a very effective scheme for providing 
reliable communication under weak link conditions. 
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